STUDY QUESTION: Are there any new type of mutations and novel phenotypes in patients with arrest in oocyte maturation, fertilization or early embryonic development having tubulin beta eight class VIII (TUBB8) mutations?
Introduction
Human oocyte maturation is a key process in fertilization, and proper maturation ensures accurate embryonic development (Masui and Clarke, 1979) . Oocyte maturation includes nuclear maturation and cytoplasmic maturation. Nuclear maturation is the meiotic process of chromosomal reduction to a haploid after extruding the first polar body (PB1), while cytoplasmic maturation involves the cytoplasmic changes required to prepare the cell for fertilization, activation and embryo development (Schatten, 2003) . There are a serial of distinct morphological and molecular events that occur during oocyte maturation, including germinal vesicle breakdown, meiotic spindle assembly, polarized differentiation of the oocyte cortex, asymmetric division to exclude the PB1, etc. (Eppig, 1993; Park et al., 2004; Mehlmann, 2005; Coticchio et al., 2015) . Abnormalities in any of these events can result in the failure of oocyte maturation, fertilization or early embryonic development, and these will lead to primary female infertility. In clinical ICSI/IVF, it is assumed that the presence of a PB1 is indicative of progression of oocyte maturation to metaphase II (MII) in most cases and the term 'MII oocyte' is used synonymously with PB1. However, the presence of a PB1 is not necessarily associated with a MII spindle (Magli et al., 2010) , and may be accompanied by reduced developmental competence. The first case of human oocyte maturation arrest was described in 1990 (Rudak et al., 1990) . Retrieved oocytes from similar patients were characterized by the absence of the PB1 also reported in a number of reports (Eichenlaub-Ritter et al., 1995; Hartshorne et al., 1999; Bergere et al., 2001) . Although the mechanism of oocyte maturation arrest has been extensively investigated in mice (Maller and Krebs, 1977; Mehlmann et al., 2002 Mehlmann et al., , 2004 Park et al., 2004; Fan et al., 2009; Zhang et al., 2010; Conti et al., 2012; Schindler et al., 2012; Adhikari and Liu, 2014) , the genetic mechanism of oocyte maturation arrest in humans is poorly understood.
Both mitotic and meiotic spindles consist of microtubules, which are dynamic polymers assembled from α-tubulin polypeptides and β-tubulin polypeptides. In humans, there are nine β-tubulin isotypes, including TUBB1, TUBB2A, TUBB2B, TUBB3, TUBB4A, TUBB4B, TUBB5, TUBB6 and TUBB8, and mutations in TUBB1, TUBB2A, TUBB3, TUBB4A and TUBB4B have been found to be responsible for diseases related to abnormal neuronal migration (Jaglin et al., 2009; Tischfield et al., 2010; Tischfield et al., 2011; Breuss et al., 2012; Cushion et al., 2014) .
Tubulin beta eight class VIII (TUBB8) is a special β-tubulin isotype that only exists in primates. Recently, we found that TUBB8 is the preponderant β-tubulin isotype in the human oocyte spindle, and we found that mutations in TUBB8 are responsible for human oocyte maturation arrest (Feng et al., 2016a) . In addition, we found that different mutations in TUBB8 can cause a multiplicity of phenotypes in human oocytes and early embryos. Oocytes with some of the mutations could extrude the PB1 and could be fertilized, but these led to embryos with early developmental arrest (Feng et al., 2016b) . In our two previous studies, we found mutations in TUBB8 that follow either dominant or recessive inheritance patterns. De novo and inherited missense heterozygous mutations cause the disease phenotype through dominant-negative effects, while the homozygous seven amino acid deletion and homozygous frameshift mutations result in the disease phenotype through haploinsufficiency effects (Feng et al., 2016a,b) .
In this study, we recruited 10 new patients from 9 families. Most of the patients had primary infertility previously diagnosed as arrest in oocyte maturation and early embryonic development. In this study, we identified additional novel heterozygous missense mutations causing a variety of novel oocyte phenotypes, and we also identified new types of mutations, including homozygous missense mutations, a de novo compound heterozygous mutation and a large deletion of the whole TUBB8. Figure 1 Pedigrees of nine families with mutations in TUBB8. P70L and C12Y are homozygous mutations with a recessive inheritance pattern.
M330I, I4L and R2M are heterozygous missense mutations inherited from the patients' fathers. The heterozygous V353I and E205K missense mutations have unknown inheritance patterns. The patient in Family 6 has de novo compound heterozygous E194K and M415I missense mutations. The patient in Family 9 has a homozygous deletion of the whole TUBB8 gene, as shown by electrophoresis of the samples. Sanger sequencing chromatograms are shown near the pedigrees. The "=" sign indicates infertility, and the double line is consanguinity. Black circles represent affected individuals, and slashes indicate deceased individuals.
Materials and Methods

Human subjects
Ten primary infertility patients from nine families were recruited from the Reproductive Medicine Center of Sheng Jing Hospital affiliated with China Medical University in Liaoning Province and from the Ninth Hospital affiliated with Shanghai Jiao Tong University. Nine primary infertility patients were diagnosed with oocyte maturation arrest, and one patient as primary infertility with unknown reasons.
Ethical approval
All studies on human subjects were approved by the Fudan University Institutional Medical Review Board.
Sequence analysis of TUBB8
Genomic DNA samples of affected individuals, their family members and controls were extracted from peripheral blood using standard methods (QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany)). All exons and splicing sites of TUBB8 were amplified. Corresponding primers are listed in Table I . Amplified fragments were directly sequenced using an ABI 3100 DNA analyzer (Applied Biosystems, Foster City, CA, USA). TUBB8 sequence was then aligned by CodonCode software (CodonCode Co., USA) to identify rare variants. ExAC database (http://exac.broadinstitute. org/) was used to search frequency of corresponding mutations. In silico analysis of mutations was used by Polyphen and PROVEAN (http:// genetics.bwh.harvard.edu/pph/data/; http://provean.jcvi.org).
Evaluation of oocyte and embryo phenotypes
Oocytes were obtained from affected individuals and controls undergoing clinical ICSI. The morphologies of oocytes, fertilization and embryonic development were evaluated by light microscopy and spindle of oocytes was examined by polarization microscopy with an OLYMPUS IX71 inverted microscope system. Oocyte immunostaining was performed as previously described (Feng et al., 2016a) . Briefly, oocytes were first fixed in 1.5% paraformaldehyde containing 0.1% bovine serum albumin (BSA). Meiotic oocytes were then incubated in membrane permeabilizing solution (0.5% Triton in PBS) for 20 min and blocking buffer (0.1% Tween 20, 0.01% Triton and 1% BSA in PBS) for 2 h. The oocyte spindles were stained with an anti-β-tubulin-FITC antibody (1:400 dilution, F2043, SigmaAldrich, USA), and Hoechst 33342 (1:600 dilution, BD) was used to label DNA. Finally, whole-mount oocytes on glass slides were examined by confocal microscopy (Leica TCS SP8, Germany) with the excitation wavelength at 405 nm.
Results
Mutational spectrum in TUBB8
Altogether we identified five novel heterozygous missense mutations, one de novo compound heterozygous missense mutation, two homozygous missense mutations and one homozygous deletion of the whole TUBB8 in these patients. Simplex cases had p.I4L and p.R2M inherited from their fathers in Families 3 and 7, respectively (Fig. 1) . Patients II-1 and II-2 were sisters from Family 2, and the p.M330I in these two patients was also inherited from their father. Simplex cases had p.V353I and p.E205K in Families 4 and 5, respectively, with unknown inheritance patterns because information for the parents was unavailable. p.P70L and p.C12Y in simplex cases in Family 1 and consanguineous Family 8 were homozygous missense mutations. The simplex case in Family 6 had a compound heterozygous missense mutation consisting of p.E194K and p.M415I in Exon 4. It is interesting to note that both of the two mutations were de novo. oocyte maturation arrest. Besides heterozygous or homozygous point mutations, in consanguineous Family 9, we observed a simplex case with homozygous deletion of the whole TUBB8 (Fig. 1) . This is the first reported case with a large structural variation. Specific information on the location of mutations, their frequency and their in silico analysis is provided in Table II . Clinical information for the patients is given in Table III . The locations of the mutations and the conservation among primate species are indicated in Fig. 2 .
Clinical characteristics and phenotypes of oocytes/embryos with mutations in TUBB8
Consistent with previous findings (Feng et al., 2016b) , patients with TUBB8 mutations showed multiplicity phenotypes in oocytes and embryonic development. The clinical characteristics of the oocytes retrieved from patients are summarized in Table III . Most oocytes from the patient with R2M in Family 7, who had primary infertility for 5 years, were arrested at the MI stage. They had no spindles examined by polarization microscopy. Immunostaining of two MI oocytes revealed either no detectable spindle or impaired spindle assembly ( Fig. 3C and D) . In contrast, oocytes from patients in other families had varying proportions of PB1 oocytes.
It is worth noting that the patient with p.P70L in Family 1 was diagnosed as primary infertility with unknown reasons. The patient first tried IVF, but fertilization failed as indicated by the absence of pronuclei. In a second attempt, ICSI, the patient had a high proportion of PB1 oocytes; 25 oocytes, among which 20 oocytes with PB1. Of these oocytes, only two could be successfully fertilized, while all others did not exhibit pronuclei (Table III, Fig. 3B) . One of the fertilized oocytes resulted in an uncleaved embryo, and the other was arrested at the 4-cell stage (Table III, Fig. 3A ). As shown in Fig. 3C , the two MI oocytes from the patient with P70L had an abnormal spindle, impaired spindle assembly, implying that the mutation might exert its effects via haploinsufficiency and dominant-negative effect causing total polymerization failure.
In addition, as indicated in Table III , Patient II-1 from Family 2 with p.M330I had 2 PB1 oocytes out of 6 total oocytes, and Patient II-2 from the same family with the same mutation had 5 PB1 oocytes out of 20 total oocytes. All of these PB1 oocytes could be fertilized, but the ensuing embryos arrested at an early stage. The patient from Family 3 with p.I4L had 8 PB1 oocytes out of a total of 27 oocytes. These PB1 oocytes could be fertilized, but the ensuing embryos were uncleaved. For the patient from Family 5 with p.V353I, four out of eight oocytes possessed a PB1. These could be fertilized, but there were no viable embryos on Day 3. For the patient in Family 5 with p.E205K, 7 out of 38 oocytes possessed a PB1. After fertilization and cleavage, there was only one viable embryo, but the pregnancy failed after implantation. For the patient in Family 6 with the compound heterozygous mutations (p.E194K; p.M415I), 3 out of 19 oocytes possessed a PB1. These PB1 oocytes could be fertilized, but the ensuing embryos arrested at an early stage on Day 3. For the patient in Family 8 with p.C12Y, only one of eight oocytes possessed a PB1. This oocyte could be fertilized, but the ensuing embryo could not be cleaved. For the patient in consanguineous Family 9 with the homozygous deletion of the whole TUBB8 gene, although oocyte spindle was visible by polarization microscopy and immunostaining ( Fig. 3C and D abnormal. The finding is consistent with previous immunostaining results of oocytes from patients with homozygous seven amino acid deletion and homozygous frameshift mutations (Feng et al., 2016b) . For the patient, there were 3 PB1 oocytes out of a total of 37 oocytes. Two of the ensuing embryos could not be cleaved, and the third embryo was arrested at an early stage.
Discussion
In this study, we identified additional novel heterozygous missense mutations, and we also identified novel homozygous missense mutations, a de novo compound heterozygous mutation and a homozygous deletion of the whole TUBB8 as new kinds of genetic variants associated with a disease phenotype. The oocytes in patients with different mutations had varying phenotypes, including (i) oocytes completely arrested at the MI stage, (ii) PB1 oocytes that could not be fertilized, (iii) PB1 oocytes that could be fertilized but the embryos were uncleaved and (iv) PB1 oocytes that could be fertilized and the embryos could be cleaved, but the embryos subsequently arrested at an early stage. Thus, our results expand the mutational and phenotypic spectrum of TUBB8 in patients with arrest in oocyte maturation, fertilization and early embryonic development. Among nine observed affected residues, seven (P70, M330, I4, V353, E205, R2 and C12) are located within the β-tubulin subunit. Their mutations may influence folding/protein stability or in some case nucleotide binding (C12Y, P70L and E205K). The other two affected residues E194 and M415 are located on the surface of the microtubule presumably interact with microtubule-associated proteins and thereby disturb regulation and stability. Thus, mutations in TUBB8 may cause instability of the protein, which result in oocyte maturation arrest.
Previously, all heterozygous missense mutations were found to cause oocyte maturation arrest through dominant-negative effects. In this study, however, the patients with homozygous p.P70L and p.C12Y TUBB8 mutations in Families 1 and 8 had parents with the heterozygous missense mutations, and this suggests that the heterozygous p.70 L and p.C12Y mutations do not affect female fertility. This implies a haploinsufficiency effect, rather than a dominant-negative effect, for these two novel mutations. The existence of different effects can be explained by the fact that different mutations might lead to different structural abnormalities and might alter the protein's interactions with kinesin or its binding to other microtubule-associated proteins. Equally interesting, the patient from consanguineous Family 9 has a large homozygous deletion of the whole TUBB8, and this large deletion is the first structural genetic variant observed in patients with oocyte maturation arrest/early embryonic developmental arrest.
Consistent with our previous studies (Feng et al., 2016a,b) , most patients with mutations have either completely MI-arrested oocytes or some PB1 oocytes that can be fertilized but the ensuing embryos arrest at an early developmental stage. In this study, it is of note that the patient with the P70L mutation had the highest proportion of PB1 oocytes. However, the majority of the oocytes could not be fertilized as indicated by 1PN or 0PN after ICSI, and only two of them showed 2PN, but the ensuing embryos were either uncleaved or arrested at the 4-cell stage. We, therefore, conclude that different mutations in TUBB8 can result in variability in the phenotypes of oocytes/embryos, including oocytes completely arrested at the MI stage, PB1 oocytes that cannot be fertilized and early embryonic arrest.
In conclusion, this study confirms previous findings that suggests an important role of TUBB8 in oocyte maturation/early embryonic development, and also provides a basis for pursuing the determination of genetic variation in TUBB8 as an additional criterion for evaluating the quality of patients' PB1 oocytes. 
